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Introduction
As the focus of structural heart disease is shifting toward new mitral valve technologies, imaging the complex mitral valve anatomy has become a challenging and rapidly evolving field. Real-time 3D echocardiography is now standard procedure, computed tomography (CT) has gained new indications in valve imaging and "interventional imaging" emerged as a new subspecialty.
Mitral valve-functional anatomy
Individual mitral valve apparatus components require specific imaging protocols and techniques.
(I) The mitral annulus (MA) is mathematically represented as a hyperbolic paraboloid, with a higher anterior peak included in the aorto-mitral curtain, a lower posterior peak and two fibrous trigones, representing its lateral and medial nadirs.
The flat anterior annulus is the least mobile portion, in contrast to the rounded posterior aspect, which is more "contractile". Due to this dynamic shape, MA may be difficult to characterize. Defined as the leaflet insertion zone, the anterior annulus is cranial to the actual hinge point of the anterior mitral leaflet (AML), due to the fibrous substrate of the aorto-mitral curtain, which extends below leaflet insertion ( Figure 1 ). In patients with myxomatous degeneration, the leaflet insertion may be displaced above the annulus, resulting in "mitral disjunction" (Figure 2 , Video 1) (1) . Distinguishing between the MA and AML hinge point may be relevant for transcatheter mitral valve (TMVR) procedures. MA geometry changes during the cardiac cycle. In systole, the annulus descends apically, becomes more vertical and increases its anteroposterior diameter. The saddle shape is accentuated, which reduces leaflet strain. In diastole, the annulus becomes more horizontal, shrinks its area and flattens. The aortomitral coupling determines the angle between aortic and mitral annuli, a critical parameter for predicting left ventricular outflow tract (LVOT) obstruction following TMVR. The mitral annulus "trajectory", defined as a vector orthogonal to the annulus "plane", commonly diverges from the left ventricular longitudinal axis and determines the site for transapical device delivery ( Figure 1) . Lastly, the posterior MA tends to be less compliant, resulting in asymmetric, typically anterior, deployment of TMVR devices. Locating the MA during a procedure may require visual aids: an angiogram of the left circumflex artery, mitral annulus calcification (MAC) noted on fluoroscopy, or a guidewire deployed in the coronary sinus. (II) Mitral leaflets are quite different in structure, size, shape and strain exposure. Two commissures, anterolateral and posteromedial, separate the anterior "aortic" leaflet from the posterior "mural" leaflet and may not correspond to the trigones. The Carpentier nomenclature defines, for each leaflet, three scallops, separated by incomplete clefts, and establishes a common language between cardiologists and cardiovascular surgeons. Anatomic variants may be important for edge-to-edge repair procedures: absence of commissures and continuity between leaflets, or additional and deeper clefts, with potential valvular regurgitation. Scallops may become apparent in diastole only, while leaflet redundancy is easily noticed in systole. Structurally, the wider, shorter, fan shaped, anterior leaflet displays a fibrous continuity with the noncoronary and left coronary aortic valve cusps and is very mobile. In contrast, the narrower, longer, band shaped, posterior leaflet attaches to a rather discontinuous fibrous skeleton, which renders it prone to distension, and has limited excursion. Valve competency is a product of the complete coaptation of leaflet edges, which results in systolic tenting of the valve, with all scallops remaining under the mitral annulus "plane". Valve prolapse is defined as scallop systolic displacement of ≥3 mm above the MA, whereas flail is defined as a leaflet edge which has lost its coaptation and oscillates freely within the left atrium. Functionally, the posterior leaflet is exposed to an overall higher strain compared to its anterior counterpart. This explains the frequent involvement of the posterior leaflet in pathologic processes, such as annulus calcification, which occurs predominantly in the posterior annulus, or myxomatous degeneration, which commonly involves the central posterior scallop (2) . (III) Abnormalities of chordae tendineae and papillary muscles may impact any mitral procedure: false ventricular tendons, short chordae, direct leaflet insertion, or tethering and apical displacement of papillary muscles.
Mitral valve imaging-multimodality approach
To meet the needs of the large variety of mitral valve devices, multimodality imaging routinely combines echocardiography and computed tomography (3 (9) . These parameters are measured 30 days post-procedure to allow for left atrial remodeling and functional recovery. One must again remember the difference between geometric and effective areas, which is more pronounced for the slit-like orifice of mitral stenosis, compared to the more rounded orifice of a TMVR device. (II) CT, compared to echocardiography, lacks hemodynamic data, has lower signal to noise ratio, comparable temporal resolution and better spatial and contrast resolution, making it suitable for MV imaging (10) . Operator-dependent, optimized imaging protocols for MV include: wide field of view, higher peak kV, bolus timing using time attenuation curves, left atrial contrast target, 5-10% phase intervals and specific reconstructions for annulus sizing and LVOT analysis (11) . Image analysis is performed on the thinnest possible slice, using projections similar to echocardiographic views, with 4D reconstructions and multiplanar reformatting adjusted to minimize beam hardening and blooming effect. Lifelike, 4DCT cinematic rendering may be more useful compared to traditional 3D volumetric reconstructions. CT is indispensable for mitral annulus sizing and for the prediction and evaluation of LVOT obstruction risk in TMVR ( Figure 3 , Video 2) (10, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Additionally, CT allows precise measurement of the geometric mitral valve area, predicts optimal fluoroscopic angles and identifies the location of the coronary sinus in relation with the annulus (Figure 4 ). Accurate sizing of the MA is critical for device choice. The least square planes method projects the 3D contour of the annulus on to a 2D plane and led to the concept of a simplified, flat, D-shaped mitral annulus, which reflects the actual planar landing zone of TMVR devices (6, 23, 24) . A reproducible "effective annular diameter" can be derived from either the measured area, or the perimeter of the annulus (12) . CT is vastly superior to echocardiography in imaging mitral annulus calcification (MAC), which can disrupt the atrioventricular groove and extend into the leaflets or the adjacent myocardium. Extensive leaflet calcification or fibrosis represents the basis of "degenerative MS" ( Figure 5 ). MAC may involve the adjacent myocardium, or display a "caseous" core, without significant MS ( Figure 6 ). TMVR creates a "neo-LVOT" between the basal segment of the interventricular septum and the AML, displaced anteriorly by the prosthesis struts, or flange (25) . The semilunar cross-sectional area of the neo-LVOT may be measured by planimetry. Since LVOT obstruction may have profound hemodynamic consequences, several methods have been proposed to predict the risk of this complication, including proprietary software (11, (24) (25) (26) . Predictors of LVOT obstruction can be identified by CT, TTE or TEE: aortomitral angle <110°, LVOT area <2.0 cm 2 , length of the AML, short chordae, direct papillary muscle attachment, thickness of the basal segment of the interventricular septum and LV cavity size. Valve models can be superimposed on CT images for accurate prediction of LVOT obstruction. In such cases, device alignment with the annular trajectory, adjustment of deployment height leading to variable lengths of the ventricular protrusion and intentional flaring of the ventricular aspect of the TMVR device should be considered (Figure 7) . CT can identify device thrombosis or A B 
Mitral valve technologies-imaging challenges and practical use
Mitral valve interventions target the mitral leaflets, annulus and chords, or address post-procedure complications. They are divided in five respective categories: edge to edge repair, annuloplasty, chordal implants, TMVR and paravalvular leaks (PVL) repair.
(I) Edge to edge repair. MitraClip ® technology replicates the Alfieri edge-to-edge stitch repair of MR and is exclusively driven by echocardiography ( Figure 9 exist; a pressure halftime of >91 m/sec was found to correlate with high post-procedural gradients. Post-procedural mitral gradients are difficult to predict. Typically, they are mildly elevated compared to baseline and tend to not increase proportional to the number of clips implanted, even at higher heart rates, but raise significantly with exercise echocardiography. The residual regurgitation evaluation is limited to semi-quantitative color Doppler data, as PISA method is not validated for double orifices and jets. The impact of a persistent interatrial defect and shunt is not well understood and closure is advocated in patients with pulmonary hypertension and failing right ventricles. Notably, recent data shows absence of post implant LV remodeling in patients with LVEF <40%, in contrast with earlier reports (29 (32) . In DMR patients, artificial chords implantation reduces the annulus antero-posterior diameter and the mitral valve area. (IV) TMVR relies on both echocardiography and CT, which are critical for patient selection, complete anatomic definition of the mitral complex, prediction of LVOT obstruction and complications diagnosis. Echocardiography is essential for procedural guidance (18, 19, 21, 24, 26, (33) (34) (35) . The transseptal puncture site is chosen to allow positioning of the device coaxial with the MA trajectory. A landing zone is chosen under fluoroscopic and echocardiographic guidance, © Annals of Cardiothoracic Surgery. All rights reserved. Ann Cardiothorac Surg 2018;7(6):799-811 www.annalscts.com monitoring for evidence of LVOT obstruction. 3D TEE is used to document full deployment of the atrial skirt and color Doppler helps detect perivalvular leaks. Sequential 2D X-plane views ascertain full leaflet capture by the device anchors, tabs or paddles, as TMVR devices do not rely on radial force for fixation. For apical delivery of TMVR devices, the location of left ventricular apical puncture is located by real time echocardiography as the operator "pokes" the ventricular apex, to identify a delivery trajectory coaxial with the MA trajectory (Figure 1) (14) . TMVR procedures are divided in three categories: valve-in-valve, valve-in-ring, and valve-in-MAC (Figures 10-12, Video 4) .
(V) The Paravalvular Leak Academic Research
Consortium expert statement describes endpoint definitions and the role of imaging (36) . For mitral paravalvular leaks (PVL), TEE overcomes the left atrial shadowing from the prosthesis seen in TTE and precisely identifies the PVL location and size, allowing planning of the procedure and adequate communication with the operator. CT may identify prosthetic annulus dehiscence, incomplete sealing after TMVR, or early dysfunction of the prosthesis due to pannus, sometimes mimicking a PVL (Figure 8) . CT imaging uses careful reconstructions, selected image kernels and multiphase analysis to evaluate the anatomy of the leak and the surrounding structures. A PVL may be serpiginous and be located under, rather than adjacent to, the prosthetic ring, requiring dedicated oblique views for accurate imaging. Additionally, their area is dynamic and may seal during various phases of the cardiac cycle ( Figure 13, Video 5 ). This phenomenon impacts the evaluation of the severity of mitral regurgitation, as the regurgitant jet may not be holosystolic and PISA may overestimate its severity. Additionally, the extent of associated hemolysis may be out of proportion to the size of the regurgitant jet, as estimated by color Doppler. In patients with mechanical prostheses, TEE may predict the risk of disk impingement by the closure device and is used to determine the size of the closure device. Guiding the procedure, cropped 3D TEE and 2D X-plane views are used to ascertain the passage of the wire through the PVL orifice. Once the device is deployed, an immediate assessment of mechanical leaflet mobility is performed, followed by a search for residual leaks, frequently under hemodynamic stress (volume challenge and pharmacological manipulation of the arterial pressure). While PVL closure traditionally relies on a transseptal approach, a transapical "Hopscotch" approach has been described recently, which also benefits from echocardiographic intraprocedural guidance in combination with CT angiography (37) .
Mitral complex imaging-the future
Patient-specific 3D printed cardiac models using stereolithographic reconstructions have been described.
Commonly, either CT or 3D TEE datasets have been used for segmentation of cardiac structures. Hybrid imaging, using both CT and 3D TEE datasets for each patient, yields significantly more anatomic detail (38) . Hybrid models take advantage of the strengths of each imaging modality and may benefit in the future from tissue-specific printing materials, which replicate the mechanical behavior of natural structures ( Figure 14) . Computational analysis of semi-automated 4D segmentations, specific to the mitral-aortic complex, may be used instead of prohibitively expensive printed models ( Figure 15, Video 6 ). Singlescreen display of fused fluoroscopic and 3D TEE images facilitate the spatial location of various cardiac structures, possibly limiting procedure time and radiation exposure (30, 39) . Fluid-structure interactions (FSI) models have been created, based on 3D imaging datasets. Numerical analysis of non-conforming mesh FSI models may represent a better way to develop and understand the impact of new mitral technologies.
Conclusions
The diagnostic imaging cardiologist bears the responsibility of a detailed preprocedural evaluation, should participate in procedure planning and provide procedural guidance leading to radiation exposure up to six-fold higher compared to the interventional operator (40) . He or she must be proficient in multimodality imaging and possess considerable experience and technical skills. With this level of involvement, imaging now plays and will retain A B 
